The inflammasome is implicated in the mechanisms that lead to spontaneous preterm labor (PTL). However, whether there is inflammasome activation in the amniotic cavity of women with PTL and intra-amniotic infection (IAI) or sterile intraamniotic inflammation (SIAI) is unknown.
| INTRODUC TI ON
Preterm birth is a leading cause of perinatal morbidity and mortality worldwide, 1-3 which is commonly preceded by spontaneous preterm labor. [4] [5] [6] [7] [8] Among the known etiologies, intra-amniotic infection/inflammation is the most studied causal link to spontaneous preterm labor. [9] [10] [11] Intra-amniotic inflammation can be initiated as a result of microbial invasion of the amniotic cavity (ie, intra-amniotic infection or IAI) or by damage-associated molecular patterns (DAMPs) or alarmins (ie, sterile intra-amniotic inflammation or SIAI). [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Sterile intra-amniotic inflammation is an inflammatory process in which microorganisms cannot be detected using both cultivation and molecular microbiology techniques. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] This clinical condition is frequently observed in women: (a) with preterm labor and intact membranes, 13 (b) with an asymptomatic short cervix, 14 (c) with preterm prelabor rupture of membranes, 15 and (d) with clinical chorioamnionitis at term. 16 Given that sterile inflammation is induced by alarmins [22] [23] [24] and that such molecules are increased in the amniotic fluid of women who deliver preterm, we have proposed and shown that alarmins can initiate the mechanisms that lead to spontaneous preterm labor. [25] [26] [27] [28] [29] [30] [31] [32] The mechanisms that lead to spontaneous preterm labor in the context of IAI or SIAI are thought to involve the inflammasome. [32] [33] [34] [35] [36] [37] [38] [39] There are several types of inflammasomes that are named based on their sensor molecule. [40] [41] [42] [43] Nucleotide-binding domain-like receptor (NLR) inflammasomes are cytoplasmic multiprotein complexes composed of (a) the sensor molecule (eg, NLR family pyrin domain-containing protein 3 or NLRP3), (b) the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC) or PYD and CARD domain-containing protein (PYCARD), and (c)
pro-caspase-1. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] Once activated, the assembled inflammasome complex induces the autocatalytic cleavage of pro-caspase-1 into its active form which, in turn, can cleave the inflammatory cytokines pro-interleukin (IL)-1β and pro-IL-18 into their mature and secreted bioactive forms, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] inducing a specific form of inflammatory cell death termed pyroptosis. [70] [71] [72] During inflammasome activation, the ASC adaptor protein assembles into a large, microscopically visible intracellular complex (commonly referred to as a "speck") that consists of multimers of ASC dimers. 73, 74 ASC specks can serve as danger signals through release into the extracellular space, where they can amplify the inflammatory response. 75, 76 Therefore, the detection of ASC specks and/or their extracellular release provides a readout of in vivo inflammasome activation. 77 Recently, we provided evidence showing that, in the context of IAI or SIAI, there is inflammasome activation in the chorioamniotic membranes of women who deliver at term [78] [79] [80] or preterm. 81 In addition, inflammasome activation in the amniotic cavity was demonstrated by detecting elevated concentrations of extracellular ASC in women who underwent spontaneous labor at term. 82 However,
whether there is inflammasome activation in the amniotic cavity of women with spontaneous preterm labor in the context of IAI or SIAI is unknown.
Although both IAI and SIAI are associated with adverse pregnancy and neonatal outcomes, 13, 83 there is evidence that the intraamniotic inflammatory responses are different between these two clinical conditions. 84 Therefore, besides determining inflammasome activation in amniotic fluid, the acute inflammatory responses in the amniotic cavity and placenta were evaluated in women with spontaneous preterm labor with IAI or SIAI.
| MATERIAL S AND ME THODS

| Study design and population
This was a retrospective cross-sectional study conducted by searching our clinical database and bank of biological samples. The collection of samples was approved by the Institutional Review Boards 
| Clinical definitions
| Amniotic fluid sample collection
Amniotic fluid samples were obtained by transabdominal amniocentesis under antiseptic conditions and monitored by ultrasound.
Transabdominal amniocentesis was performed for the detection of intra-amniotic inflammation and/or infection. Samples of amniotic fluid were transported to the laboratory in a sterile capped syringe and centrifuged at 1,300×g for 10 min at 4°C, and the supernatant was stored at −80°C until use. A portion of this amniotic fluid was also transported to the clinical laboratory for culture of aerobic/anaerobic bacteria and genital mycoplasmas. The clinical tests also included the determination of amniotic fluid white blood cell count, 96 glucose concentration, 97 Gram stain, 98 and IL-6 concentration. 89 
| Determination of IL-6 in amniotic fluid
Amniotic fluid concentrations of IL-6 were determined by using a sensitive and specific enzyme immunoassay obtained from R&D Systems (Minneapolis, MN). The IL-6 concentrations were determined by interpolation from the standard curve. The inter-and intra-assay coefficients of variation for IL-6 were 8.7% and 4.6%, respectively. The detection limit of the IL-6 assay was 0.09 pg/mL. The IL-6 concentrations in amniotic fluid were determined for clinical purposes.
| Determination of extracellular ASC in amniotic fluid
Concentrations of extracellular ASC in the amniotic fluid were determined by using a sensitive and specific enzyme-linked 
| Multiplex immunofluorescence and phenoptics (ie, multispectral imaging)
Tissue sections (5-μm-thick) were prepared from the chorioamni- buffer before the application of the next primary antibody. After multiplex staining, the slides were imaged using the Vectra Polaris Multispectral Imaging System (PerkinElmer) and images were analyzed using the InForm 2.4.1 image analysis software (PerkinElmer).
| Statistical Analysis
Statistical analysis was performed using the R statistical language and environment (www.r-project.org). Data were compared between groups using unpaired Wilcoxon tests, and P-values were adjusted across comparisons and the two analytes (IL-6 and ASC) to control the false discovery rate. Adjustment for gestational age at sampling was performed using a linear regression model. An adjusted P-value (ie, q-value) <0.05 was considered a significant result. The magnitude of differences was expressed as the difference in the means, after log 2 transformation of the data, to obtain log 2 fold changes in the concentrations. The correlation between ASC and IL-6 levels was assessed via Spearman correlation tests and was inspected using locally weighted scatter plot smoothing (LOESS).
| RE SULTS
| Characteristics of the study population
The demographic and clinical characteristics of the study population are shown in Table 1 . There were no differences in maternal age, body mass index, or race between the study groups ( Table 1 ). The majority of women included in this study were African American (Table 1) . Gestational age at amniocentesis and delivery was different among the study groups; therefore, statistical analysis included adjustments for gestational age at sampling (Table 1 ). Birthweights were also significantly different among the study groups (Table 1) .
| ASC amniotic fluid concentrations in women with spontaneous preterm labor
Upon inflammasome activation, the ASC protein is released into the extracellular space. 75, 76 As a readout of inflammasome activation, we determined whether extracellular ASC could be detected 39.7-162.7 ng/mL) vs. spontaneous preterm labor without intraamniotic inflammation: median 12.8 ng/mL (IQR: 9.8-16.9 ng/ mL); P < 0.001 or vs spontaneous preterm labor who delivered at term: median 8.9 ng/mL (IQR: 7.5-11.8 ng/mL); P < 0.001] 
| Correlation between ASC and IL-6 amniotic fluid concentrations
There was a significant nonlinear correlation between ASC and IL-6 amniotic fluid concentrations ( Figure 3 ) (Spearman correlation 0.61, P < 0.0001). ASC amniotic fluid concentrations started to increase when IL-6 concentrations surpassed 1000 pg/mL (~10 units on the log 2 scale in Figure 3 ). The nonlinear (quadratic) relation between log 2 IL-6 and ASC amniotic fluid concentrations was significantly better than a linear fit (ANOVA P < 0.001).
| Are ASC amniotic fluid concentrations associated with inflammasome activation in the chorioamniotic membranes?
Given that ASC amniotic fluid concentrations were significantly higher in women with intra-amniotic inflammation regardless of the presence of microorganisms, we next evaluated whether both IAI and SIAI were associated with inflammasome activation in the chorioamniotic membranes. Figure 4 , the amnion epithelium is at the top and the decidua is at the bottom. The expression of ASC, caspase-1, and IL-1β was observed in the chorioamniotic membranes of women with IAI or SIAI, being higher in those with IAI ( Figure 4) . A magnification of the amnion-chorion interface is shown in Figure 5 , illustrating that the three proteins are elevated in tissues from women with IAI compared to those with SIAI. The expression of ASC and caspase-1 was also minimally detected in the chorioamniotic membranes from women who underwent spontaneous preterm labor and delivered preterm without intra-amniotic inflammation, but was absent in those who delivered at term (Figures 4, 5) .
F I G U R E 2
Amniotic fluid IL-6 concentrations in women who underwent spontaneous preterm labor. IL-6 (pg/mL) was measured in amniotic fluid of women who underwent spontaneous preterm labor but delivered at term (n = 31) and those who delivered preterm without sterile intra-amniotic inflammation or intra-amniotic infection (n = 35), with sterile intra-amniotic inflammation (n = 27), or with intra-amniotic infection (n = 17). Data are shown as log 2 concentration (pg/mL)
| Acute inflammatory responses in the amniotic cavity and placenta of women with spontaneous preterm labor
In order to complement our observations in amniotic fluid, other indicators of intra-amniotic inflammation (eg, amniotic fluid white blood cell count and glucose concentration) were evaluated in our study population ( Table 2 ). The number of white blood cells in amniotic fluid was higher in women who underwent spontaneous preterm labor with IAI compared to other groups (Table 2) . Women who underwent spontaneous preterm labor with SIAI had a modest increase in the number of white blood cells found in amniotic fluid compared to those who delivered preterm without intra-amniotic inflammation and those who delivered at term ( Table 2 ). As expected, women who underwent spontaneous preterm labor with IAI had a reduced amniotic fluid glucose concentration compared to other study groups (Table 2) . Women who underwent spontaneous preterm labor with SIAI had comparable amniotic fluid glucose concentrations to those who delivered preterm or at term without intra-amniotic inflammation ( Table 2) .
Acute maternal and fetal inflammatory responses in the placenta were also evaluated among the study groups. Mild and moderate acute maternal (stages 1 and 2) and fetal (stage 1) inflammatory
Correlation between ASC and IL-6 amniotic fluid concentrations in women who underwent spontaneous preterm labor. Data are shown as log 2 concentration. The red line represents a locally weighted scatter plot smoothing (LOESS) estimating the average log 2 ASC concentration as a function of log 2 IL-6 concentration F I G U R E 4 Expression and colocalization of inflammasome components in the chorioamniotic membranes of women who underwent spontaneous preterm labor. Multiplex immunofluorescence staining of ASC (green), caspase-1 (yellow), and IL-1β (red) was performed in the chorioamniotic membranes of women who underwent spontaneous preterm labor but delivered at term and those who delivered preterm without sterile intra-amniotic inflammation or intra-amniotic infection, with sterile intra-amniotic inflammation alone, or with intra-amniotic infection. Phenoptics was performed to generate cell segmentation images as well as separate and merged immunofluorescence images. Images are representative of 3 experiments per group. Images were taken at 400× magnification, and scale bars represent 50 μm responses were similarly observed among the study groups (Table 2) .
However, severe acute maternal (stage 3) and fetal (stage 2) inflammatory responses were more frequently observed in women who underwent spontaneous preterm labor with IAI (Table 2) . A subset of women who underwent spontaneous preterm labor with SIAI presented acute necrotizing chorioamnionitis (acute maternal inflammatory response stage 3); yet, this placental lesion was not as commonly observed as in women with IAI (Table 2) . Women who underwent spontaneous preterm labor with SIAI presented comparable rates of acute arteritis (acute fetal inflammatory response stage 2) to those who delivered at term or preterm without IAI or SIAI (Table 2 ).
| D ISCUSS I ON
| Principal findings
The 
| Inflammasome activation in spontaneous preterm labor with intra-amniotic infection
Herein, we showed that women who underwent spontaneous pre- 
| Inflammasome activation in spontaneous preterm labor with sterile intra-amniotic inflammation
We found that women who underwent spontaneous preterm labor with SIAI had higher amniotic fluid concentrations of extracellular TA B L E 2 White blood cell count and glucose concentration in amniotic fluid and placental histopathology in the study population ASC than those who delivered preterm or at term in the absence of intra-amniotic inflammation. Women with SIAI harbor a unique environment in the amniotic cavity in which the module of IL-1α is enriched compared to those without intra-amniotic inflammation. 84 IL-1α is a potent alarmin 130 that is increased in the amniotic fluid of women with intra-amniotic inflammation 26 and induces preterm delivery in mice, 131 an effect that can be abrogated by pretreatment with the IL-1 receptor antagonist. 132 Importantly, the amniotic fluid IL-1α module contained high mobility group box (HMGB)1, 84 a prototypic alarmin, 133, 134 whose intra-amniotic concentrations are a predictor of a shorter interval to delivery 13 and whose administration induces preterm labor and birth in mice. 31 We proposed that the mechanisms whereby alarmins induce preterm birth involve the inflammasome since the incubation of the chorioamniotic membranes with HMGB1 induced the upregulation of inflammasome components (eg, NLRP3), activation of caspase-1, and release of mature IL-1β. 32 Taken together, these data suggest that inflammasome activation in the intra-amniotic space can occur in the setting of SIAI, a process that could be initiated by alarmins. 84 Collectively, these data suggest that the intra-amniotic inflammatory process initiated by alarmins is milder than that triggered by microbes. A potential source of alarmins in the context of SIAI is the choriodecidua, which undergoes cellular senescence during spontaneous preterm labor. 
| Do all preterm births involve inflammasome activation?
In the current study, we also showed that, in the absence of intraamniotic inflammation, women who underwent spontaneous preterm labor and delivered preterm tended to have higher amniotic fluid concentrations of extracellular ASC and IL-6 than those who delivered at term. The chorioamniotic membranes from women who delivered preterm in the absence of intra-amniotic inflammation also displayed low expression of ASC and caspase-1. These findings are consistent with previous observations showing that the chorioamniotic membranes from women who underwent spontaneous preterm labor without acute histologic chorioamnionitis exhibit signs of inflammasome assembly (ie, ASC/caspase-1 complexes); yet, these complexes were not as abundant as in those with this placental lesion. 81 These results suggest that, in the absence of high concentrations of IL-6, preterm labor is associated with a mild intra-amniotic inflammatory response, which is only partially mediated by the in- 
| CON CLUS ION
The data presented herein showed that the process of premature 
CO N FLI C T O F I NTE R E S T
The authors declared no potential conflict of interests.
O RCI D
Nardhy Gomez-Lopez http://orcid.org/0000-0002-3406-5262
Roberto Romero http://orcid.org/0000-0002-4448-5121
R E FE R E N C E S
1. Blencowe H, Cousens S, Oestergaard MZ, et al. National, regional, and worldwide estimates of preterm birth rates in the year 2010
